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ABSTRACT

Quantum tunneling dominates the low temperature magnetization dynamics in molecular magnets and presents features that are strongly
system dependent. The current discussion is focused on the terbium(III) bis(phtalocyanine) ([TbPc,] 1) complex that should serve as a
prototypical case for lanthanide molecular magnets. We analyze numerically the effect of non-axial interactions on the magnitude of the
intrinsic tunnel splitting and show that usual suspects like the transverse ligand field and Zeeman interaction fail to explain the
experimentally observed dynamics. We then propose through the nuclear quadrupolar interaction a viable mechanism that mixes, otherwise

almost degenerate hyperfine states.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079453

I. INTRODUCTION

Single ion molecular magnets (SIMMs) are the first members in
the ever growing family of magnets that employ molecules as their
basic unit.' Their simple magnetic core motivated a considerable
scientific effort to correlate different chemical designs to exhibited
magnetic properties™ and to induce and control coherent quantum
dynamics on a large time scale."™ The objective is to reach a level of
understanding that will allow one to synthesize molecular units suited
to be incorporated in functional devices. In the search for the
optimal molecular design (to enhance bistability and dynamical prop-
erties of SIMMs), the chemical control over the symmetry of the
complex and the nature of the ligand substituents proved to be essen-
tial.>” The progress made in the last few decades is relevant both
to the fundamental research in the field of mesoscopic quantum
physics'’ and to the trend and outlook of the current technology.'' ™"

A central property of molecular magnets is their magnetic
bistability, that is, the existence of an energy barrier that separates

states of different spin orientation. Thus, they are envisioned as
memory units in high density storage devices.'* The obvious strat-
egy to reach this highly sought goal is to enhance the uniaxial
anisotropy to obtain molecular complexes that exhibit hysteresis
at high enough temperatures. Advancement in this direction has
been recently reported, as a mononuclear Dy compound was
shown to exhibit magnetic hysteresis at temperatures up to
60 K.'>'° However, many challenges still need to be surmounted,
one of which lies in the intrinsic quantum nature of molecular
magnets itself. Notably, underbarrier relaxation pathways (e.g., pure
and phonon assisted quantum tunneling), opened by transverse
interactions that break the axial symmetry of the molecule, results
in a much lower effective energy barrier.

Quantum tunneling of magnetization was also instrumental in
reading out and manipulating both the electronic and the nuclear
spins of a mononuclear molecular complex,'” to the point of the suc-
cessful implementation of quantum algorithms.'® Thus, understanding
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the mechanisms that operate behind the observed tunneling
dynamics is an important prerequisite to design application ori-
ented molecular magnets.

Among numerous examples of SIMMs, the TbPc, molecule can
be linked to breakthrough discoveries that greatly helped to advance
the agenda of this research field. First, through ac-measurements it
was noticed that a molecule with a single magnetic center can exhibit
a large energy barrier.'” Then, micro-SQUID measurements on a
diluted TbPc, molecular crystal experimentally showed resonant
relaxation through quantum tunneling between mixed states of both
electronic and nuclear origin.”” Thus, it became the system of choice
for the first molecular spintronics devices,” ™ and it helped to con-
struct the case for using molecules as potential qubits.

In this communication, we revisit the analysis of the low tem-
perature hysteresis loop [Fig. 1(c)] characterizing a diluted crystal
of [TbPc,]~! SIMMs in an isostructural diamagnetic YPc, matrix
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FIG. 1. (a) Zeeman diagram that corresponds to the Hamiltonian given by
Eq. (2). The inset shows the tunnel splitting between two mixed hyperfine
states. (b) Hyperfine structure of the lowest doublet, my = +6 in the field
region where tunneling transitions take place. (c) The magnetic hysteresis loop
of the TbPc, complex in a diluted single crystal. The position of the relaxation
steps are fitted to the corresponding level crossings in the Zeeman diagram by
using Anyp = 26.7 mK and Dguag = 17 mK.
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(Tb to Y ration of 1%”*), measured with the micro-SQUID setup at
subkelvin temperatures.”” We show that despite the great progress
made in the last decade and numerous studies that looked at the
TbPc, complex,” the tunneling dynamics of this system was still
poorly understood. We investigate numerically different interac-
tions that have the potential to promote tunneling transitions and
show that the coupling of the electronic shell to the '**Tb nuclear
spin dominates the environmental and ligand field interactions.

Il. THEORY

The Tb>* ion, found at the core of the molecule, has the
[Xe]4f® ground electronic structure with a total angular momentum
(J) taking values between 0 and 6. The strong spin-orbit interaction
leads to a separation of about 2900 K between the ground (J = 6)
and the first excited multiplet (J = 5). The Tb** ion can be embed-
ded between two parallel phtalocyanine (Pc) ligand planes as it coor-
dinates with 4 nitrogens from each plane in a square antiprismatic
(D4q) geometry. The crystal field interaction generates a quantization
axis oriented perpendicular to the Pc planes and further splits the
2] + 1 states of the ground multiplet.

The ligand field interaction was modeled, with a certain
degree of success, by the following Hamiltonian:*’

3
Hie =y _ BY,05, + BjOj, (1)
n=1

where OF are the extended Steven’s operators”’ and B"; are the ligand
field parameters obtained by performing a simultaneous fit of
ac-susceptibility and 'H-NMR measurements of the isostructural
lanthanide double decker series.'” The terms in the sum describe the
uniaxial anisotropy, while the O} term models a transverse ligand
field interaction that arises from a broken D44 symmetry.

Another important factor determining the electronic structure of
the compound is found in the strong hyperfine interaction, Apypl],
between the electronic shell and the Tb nucleus (***Tb isotope with a
natural abundance of 100%), resulting in an effective half integer
spin. Non-spherical charge distribution around the Tb nucleus
with a spin angular momentum I = 3/2 gives a non-negligible quad-
rupolar contribution, If)quadl. In the ideal case of a Dyg symmetry of
the electronic shell, only the axial term (~I2) needs to be preserved.
Thus, the total Hamiltonian that also includes the coupling to a mag-
netic field (H) is given by the following expression:

HTchz = Hir +ﬂBﬂ0H'(geI +gn1)

. (2)
+ AhypI'] + IunadI,

where the second term is the Zeeman interaction parametrized
through the electronic (g, = 1.5) and the nuclear (g, = 1.33)
gyromagnetic ratios. The Apy, and the axial (dominant) term of
Dguad (Dquad) are uniquely determined by the positions of the relaxa-
tion steps [Fig. 1(c)] that are fitted to the corresponding level cross-
ings in the Zeeman diagram [Fig. 1(b)], leading to Apy, = 26.7 mK
and Dgyeq = 17 mK.

01:8€:Z1 €20z 1snbny Gz

J. Appl. Phys. 125, 142903 (2019); doi: 10.1063/1.5079453
Published under license by AIP Publishing.

125, 142903-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

I1l. RESULTS AND DISCUSSION

Figure 1(c) shows a zoom of the magnetic hysteresis loop,
measured by using the microSQUID technique,”” of a crystal con-
taining TbPc, SIMMs diluted in a diamagnetic, isostructural matrix
formed by YPc, molecules, with [TbPc,]/[YPc;] ratio of 1%. Upon
sweeping the magnetic field from —1T up to positive fields as
small as 0.05 T, approximately 75% of the TbPc, SIMMs undergo
quantum tunneling transitions, resulting in sharp steps in the mag-
netization curve. The remaining SMM reverse their magnetic
moment at larger magnetic fields by a direct relaxation process.”
Quantum tunnel transitions take place between the mixed states of
nuclear and electronic origin; thus, both spin projections can
change. The tunnel splitting [A in the inset of Fig. 1(a)] quantifies
the state mixing at resonance and is directly connected to the mag-
nitude of the tunneling transition rates.”” Thus, the main objective
of this paper is to evaluate A using numerical methods and this
way to single out the interactions that promote tunneling relaxation
between different hyperfine states.

The first observation we make concerns the absence of a relax-
ation step at the level crossings found at zero external field. This is
explained through Kramer’s theory for a half integer spin system
that predicts degenerate ground states if only the ligand field is
taken into account.’” The rest of the transitions can be labeled by
the change in the nuclear magnetic moment [Am; =0, 1, and 2,
shown in Fig. 1(b) as a square, circle, and triangle, respectively].

Factors that lead to level mixing are the ones that break the
axial symmetry of the system. For example, the O} operator in the
ligand field Hamiltonian mixes + 6 electronic states and transitions
between them become allowed. By varying the B} parameter
between 107° K and 1072 K, the tunnel splitting corresponding to
the crossings that conserves the nuclear spin varies between
10712K and 107*K, while all the other splittings remain negligible
(Fig. 2). This is not a surprising result as a fourth order perturba-
tion can induce transitions only between states with a total spin
that differ by a multiple of four. If this would be the sole non-axial

10—4 I —&— Am, = 0
—— Am;=1
106 —a— Am; =2 -

numerical error

Tunnel splitting (K)

104

1073

B% (K)

FIG. 2. The dependence of the tunnel splitting of the three types of anticross-
ings (denoted by the change of the nuclear spin, Am =0, 1, and 2) on the
amplitude of the Of term in the ligand field interaction [Eq. (1)]. Only the transi-
tions that conserve the nuclear spin are allowed, while all the other level cross-
ings should be degenerate.
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interaction, only the transitions that conserve the nuclear spin will
be observed—which is not our case.

One factor that is often invoked when explaining why the
selection rules are not obeyed is the transverse component of the
magnetic field that can be of both internal (e.g., dipolar field) or
external (e.g., applied field) origin. When computing the tunnel
splitting as a function of the applied transverse field [Fig. 3(a)], one
observes that a field of at least 1 T is needed in order to have sig-
nificant splittings pertaining to the crossings that do not conserve
the nuclear spin (taking the ones that conserve the nuclear spin as
a reference). This value is of course much larger than the environ-
mental fields of dipolar origin. The dipolar field variance for our

sample of 1% concentration being around <AH§iP> ~ 1mT. The

necessity for such large values is easy to understand as the coupling
between the magnetic field and the nuclear spin is weak due to the
smallness of the nuclear magnetic moment.

The deviation from the tetragonal symmetry by the inclusion
of a second order perturbation (B20?) was already done when the
low temperature tunneling dynamics of Mnj,-ac was analyzed.’'
If one were to add also the biaxial term to the ligand

10
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Tunnel splitting (K)

10-10

il
101
Transverse field (T)

102 ——
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Tunnel splitting (K)

il
100
B3 (K)

FIG. 3. (a) The effect of an applied transverse field on the tunnel splitting of the
different hyperfine transitions. The transverse Hamiltonian includes also the
fourth order perturbation with Bf = 6mK. (b) An additional rhombic term
(B303) is added to the situation shown in the above panel, where we consider a
constant transverse field, Hy = 1 mT. The observed oscillations are the result of
the Berry phase interference.”®
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field Hamiltonian [Eq. (1)], the predicted dynamics of the Crystal defects, solvent disorder, lattice mismatch between the
|Am| =1 or 2 transitions would still remain orders of magnitude YPc; and TbPc, molecules, and also the presence of a radical elec-
slower than the relaxation at the crossings that conserve the nuclear tronic spin non-uniformly distributed on the phthalocyanine
spin [Fig. 3(b)]. ligands, are all factors that can lead to significant inhomogeneities

The reason why the above factors fail to explain the observed in the electric field that can couple to the quadrupolar moment of
transitions lies in the magnitude of the different interactions the ' Tb nucleus. However, in order to single out a dominant
described by Eq. (2). The effective total half integer spin comes factor(s) that can result in a non-collinear quadrupolar interaction,
from two heterogeneous spins that have a strong uniaxial anisot- further investigations are required.

ropy and are tightly coupled through the hyperfine interaction. The
hyperfine interaction does not promote transitions of both the elec- IV. CONCLUSION
tronic and nuclear spins (through terms like Apy,J; 1) because the

selection rules cannot be satisfied by both a nuclear and a elec- In this artiFle, we rep'ort‘advancements in understanding the
tronic spin transition. While the electronic states are easily mixed ~ resonant tunneling dynamics in the TbPc, complex as we take an
by the ligand field, the nuclear states, to the first order, remain in depth look at interactions that can promote transitions between

degenerate. Thus, in order to explain the observed steps in the the hyperfine states. The rare combination of strong uniaxial char-
magnetization curve, one needs to look at interactions that strongly ~ acter of the ligand field with the tight hyperfine coupling results in

couple to the nuclear spin. characteristics that are substantially different from the ones in tran-

We suggest that a solution can be found in the quadrupolar sition metal ion molecular compounds.”* We find that the nuclear
interaction between the nucleus and the electronic shell. We already PR dominates the dynamics of t.he molecular spin, as the usual
mentioned that if we consider a broken square antiprismatic symme- suspects in the form of the environmental transverse field and
try, we can add a biaxial term to the ligand field Hamiltonian. ligand field fail to explain the transitions that do not conserve the

This entails us to include the biaxial term to the quadrupolar nuclear spip. To explain why we see all th? transitions (except at
Hamiltonian as well; thus Iuna ol = Dguadl? + Equaa(I2 — 1}%). With H, =0T) in the low temperature hysteresis loop, we propose in

this term, the states of the nuclear spin that differ by [Am| = 2 the non-axial quadrupolar interaction a mechanism that mixes the
become mixed and the entire ensemble’s dynamics at the corre- hyperfine states. This result is important both from an academic
sponding crossings is significantly enhanced [Fig. 4(a)]. The odd pf)int (?f view, as similar dynamics can be observed in ojcher lantha-
transitions should still not be allowed. One has to consider that there nide S}ngle molecule magnets, and from a technologlF?.l one, as
is a small misalignment between the uniaxial symmetry of the ligand tunneling between hyperﬁne states can be. used to initialize and 8
field and the quadrupolar interaction which leads to terms of the read-out the nuclear spins when implementing quantum protocols. >
form: L1, . Figure 4 shows the effect of the above described non- g
axial contributions. It can be seen that they act mostly independently ACKNOWLEDGMENTS 8
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